A novel Wilkinson power divider is presented in this paper for triple band operation. It comprises a П-shaped transmission-line coupled to a rectangular split ring resonator metamaterial structure. The μ-negative feature of the rectangular split ring resonator metamaterial structure is investigated by retrieving its constitutive parameters from the S-parameter response. To demonstrate the versatility of the proposed Wilkinson power divider it was designed to cover Bluetooth (2.4 GHz), WiMAX (3.5 GHz), and WLAN (5.2 GHz). The tri-band Wilkinson power divider was fabricated and its performance measured to verify the design. Good agreement between the measured and simulated data is obtained. Measured results show that the tri-band Wilkinson power divider has fractional bandwidth of 3.86%, 5.82%, and 3.89% at 2.4, 3.5, and 5.2 GHz, respectively. In addition, the rectangular split ring resonator metamaterial Wilkinson power divider has a small physical footprint (14 mm ×17.9 mm or 0.15λg×0.19λg), which is 60% smaller than conventional designs.
Introduction
The original power divider developed by Wilkinson, which operates in a single band, is an important component for microwave systems for power division. Power dividers are used in various microwave circuits, such as mixers, balanced amplifiers, and antenna array. Conventional equal and unequal power-dividing ratio Wilkinson power dividers (WPD) consist of two quarter-wavelength lines with the same and different characteristic impedances, respectively, at the design frequency. The main challenge facing conventional WPD is its large circuit size, especially at low microwave frequencies, and limited bandwidth due to the use of a pair of quarter-wavelength transmission-lines (TLs) in its design [1] . With the advent of multiband wireless communication systems, a lot of studies have been done over the recent years on developing multi-band WPD [2] [3] [4] [5] [6] [7] [8] [9] [10] . In addition, wideband and ultra wideband WPDs using innovative methods have been reported [11] [12] [13] [14] .
In [2] , a dual-band WPD is proposed using a two-section TL transformer with its output ports connected through a parallel RLC circuit to improve the isolation at the two bands. In [3] , a novel dual-band WPD is presented using the model of П-shaped TL in place of the common quarter-wavelength TL. In [4] , the isolation between the output ports is improved by inserting a complex isolation component across the two quarter-wavelength TLs at an arbitrary phase angle from the input terminal; however, this design is band limited. Three-section TL transformer is used to design a tri-band WPD in [5] . The operating frequencies of this WPD are 0.9 GHz, 1.17 GHz, and 2.43 GHz. The important point is that the dimensions of this structure are 1705 mm 2 .
In [6] a quad-band WPD consists of three TLs and two loaded shorted-stubs. Although the above designs have good isolation between their output ports, their dimensions are relatively large for today's multi-band communication systems. More recently, the designs of WPDs have become more compact [15] [16] [17] [18] [19] . For example, in [15] the WPD is proposed using two section asymmetrical T-structures to achieve a significant size reduction. The asymmetrical T-structure is realized by two series high-impedance lines with unequal electrical lengths and a shunt low-impedance line. Although these designs are compact in size, their bandwidth is limited. Also, metamaterial structures have been used to design WPDs with multi-band response [20] [21] [22] [23] , however the dimensions of these structures are relatively large for practical applications. It should be noted that in [24] , we have designed a novel compact wideband triple lines WPD using particle swarm optimization (PSO) technique which operates from 0.5 to 4.5 GHz for application in several wireless communication standards. This WPD has small dimensions and good bandwidth. Now, the idea is to design a multi-band WPD using metamaterial structures.
In this paper, a compact novel tri-band WPD is designed, simulated, and fabricated. The proposed WPD is composed of a П-shaped TL coupled to a metamaterial structure, which is based on a rectangular split ring resonator metamaterial (RSRRM). The WPD is designed to operate at 2.4, 3.5, and 5.2 GHz corresponding to Bluetooth, WiMAX, and WLAN bands, respectively. Measured results are used to validate the design. The proposed tri-band WPD is 60% smaller than its conventional counterpart reported in [5] .
Design Structure
This section gives a generalized three-step design process for RSRRM-WPD. The proposed WPD is shown in Figure 1 . As can be seen, this WPD consists of the RSRRM unit cells and П-shaped structures sections. The 50 Ω input and output ports are attached to SMA connectors. The final dimensions, shown in Figure 1 , are: x=14, y=17. 9, t=4.6, w=0.25, z=0.6, v=2.2 , and Gap=0.6 (all in millimeters). In this work, CST Microwave Studio 2017 is used to simulate WPD structures on a Taconic substrate with relative permittivity of 2.65, tan δ=0.002, and thickness of h=0.8 mm. Figure 2a shows the schematic diagram of the conventional WPD that consists of two quarter wave-length transformers with Z1=70.71 Ω and an isolation resistor R=100 Ω [1] . To reduce the area of the conventional WPD with dual-band performance, a П-shaped structure, shown in Figure 2b , is chosen to realize the quarter-wavelength transformers. This structure consists of a series TL with an electrical length of θ2 and characteristic impedance of Z2, connected to a pair of open circuit stubs (Z3, θ3) [7] . The П-shaped structure in Figure 2b can be represented by ABCD matrix. By equating the ABCD matrix of the quarter-wavelength TL to the ABCD matrix of the П-shaped structure results in the following relations:
In relations (1) and (2), θ2 and θ3 are the electrical lengths of the series and shunt elements, respectively, of the П-shaped structure at the two operating frequencies f1 and f2. For size reduction, n=m=1 is selected. The two operating frequencies are chosen to be f1=2.4 GHz and f2=5.2 GHz (f2/f1=2.16). The impedance and electrical length of the stubs in the П-shaped structure were calculated using Equations (1) and (2) to be Z2=99 Ω and Z3=103 Ω. Figure 3 shows S11 (return-loss) parameter of the dual-band WPD. Inset in Figure 3 is the schematic configuration of the proposed dual-band WPD. 
b. Step 2: Design of an RSRRM for WiMAX (3.5 GHz)
In the next step of the WPD design, the rectangular split ring resonator metamaterial is placed between the open circuit stubs. Although several kinds of resonators could have been employed in the design, we have chosen an RSRRM shown in Figure 4a . It should be noted that the area between open circuit stubs shown in Figure 3 , is limited. So, a perfectly design that do not increase the WPD size, is an important achievement. It is one of the most important features of our work. The equivalent circuit model for RSRRM structure is shown in Figure 4b , where C represents the TL capacitor, and the resonators are represented by the resonant tanks formed by CRSRRM and LRSRRM [25] . The frequency of the transmission-zero (TZ) fz is obtained by setting the admittance of the series branch to zero, namely:
Thus,
The resonance frequency of RSRRM is given by:
In order to verify the proposed circuit model, the equivalent model presented in Figure 4b is simulated in the CST Design Studio 2017 software. To create a TZ and a resonance around 3.5 GHz, the values of LRSRRM=259.8 pH, CRSRRM=7.958 pF, and C=106.9 μF are obtained. The S11 and S21 parameters obtained from the CST Design Studio 2017 software are reported in Figure 5 . It is observed that a resonance has been created at 3.5 GHz. Now, with the confirmation of the equivalent circuit model, a full-wave analysis is presented. The RSRRM structure inset in Figure 6a was designed based on equations in [21] , where the geometric parameters are: A=15, B=10, a=7, b=13.5, c=0.35, d=0.6, and g=0.4 (all in millimeters). These parameters were determined for resonance close to the WiMAX frequency of 3.5 GHz. This design in addition to its desired frequency response (WiMAX application) could be embedded exactly in П-shaped structure shown in Figure 3 . Two waveguide ports are adjusted in the y-direction, and PMC as well as PEC boundaries are assigned in the xy and yz planes, respectively. The S11 and S21 response of the RSRRM unit cell structure are shown in Figure 6a . The transmission-minima is close to the desired frequency of operation. Note that the Figure 6a indicates a potential employment to design a filtering power divider. This condition is a natural performance of the metamaterial-based structures [26] . According to the design equations in [25] , the relative permeability is extracted by using Equation (6) , where β0 is the wave number and h is the thickness of the substrate. The real and imaginary parts of the retrieved magnetic permeability are shown in Figure 6b . 12 11
It is also clear that the usual parameter retrieval procedure is not directly applicable to single metamaterial unit cell due to the violation of periodicity. Nevertheless, the retrieved permeability provides a fair indication of the presence of metamaterial properties even at the single unit cell level.
(a) (b) Figure 6 . (a) S11 and S22 parameters for the RSRRM unit cell and unit cell configuration and (b) real and imaginary parts of retrieved permeability and inset is a 3-D view of the RSRRM unit cell.
c. Step 3: Constructing the Proposed RSRRM-WPD and Optimization
The designed RSRRM structure was placed between the open circuit stubs of the proposed dualband WPD. Four cases are considered, as illustrated in Figure 7 . The S11 and S21 responses for four cases are shown in Figures 8a and 8b , respectively. The effect of coupling between the proposed RSRRM and the WPD is also considered. This coupling is a function of the distance between the RSRRM (m parameter) and the series TL (Z2, 2) [24] . In cases (a) and (c), this distance is very small (m=0.35 mm), and in cases (b) and (d), this distance is large (m=3.5 mm). Thus, the S11 response is better than cases (b) and (d), because of the stronger coupling between RSRRM and the WPD structure [24] . The effect on the S11 response by the orientation of RSRRM structure is also considered. The orientation of RSRRM structure in cases (c) and (d) is identical, and the orientation in cases (a) and (b) are identical. From Figure 8 it is evident that the RSRRM-WPD structure in case (c) exhibits the best S11 (S11<-30 dB) and S21 responses at 3.5 GHz. Hence, the structure in case (c) was chosen in the design of the proposed tri-band RSRRM-WPD. Figure 8 . S11 and S21 responses of the four RSRRM-WPD structures presented in Figure 6 (a) S11 and (b) S21. Now, in order to achieve the optimal response by the CST Microwave Studio 2017 simulator, a parametric report is presented in Table 1 . In Table 1 , the effects of the t parameter on the resonance frequencies, return-loss, and insertion-loss are investigated. The t parameter is introduced in Figure 1 . Due to the presence of the RSRRM in the vicinity of the Π-shaped structure and the existence of mutual coupling effects, the t parameter has been selected for frequency adjustment. According to Table 1 , with the choice of t=4.6 mm, the operating frequencies are equal to 2.4 GHz, 3.5 GHz, and 5.2 GHz, as well as the most optimal frequency response for the S11 and S21 parameters.
In order to improve the frequency selectivity of the proposed RSRRM-WPD, an additional TZ is required which is adjacent to the passband. This is achieved by introducing an intercoupling structure in series with TL (Z2, 2) between the input and output ports of the RSRRM-WPD, as described in [27] . This is implemented by etching a gap of size Gap between the input and output microstrip TL, as shown in the inset of Figure 1 . The TZ is introduced close to the passband at f=2.75 GHz. Frequency resonances, TZ frequencies locations, and insertion-loss for different values of the Gap parameter, are presented in Table 2 . It can be seen that with the increase of the Gap parameter from 0.1 mm to 1.5 mm, the location of the TZ is moved from 2.54 GHz to 3.14 GHz. Regarding the frequency responses, the optimized value of Gap is 0.6 mm. Also, in the last column of Table 2 , a report of the stop-band created by TZ is presented in the frequency range of 2.5 to 3.5 GHz. It is seen that the above choice has a good frequency response condition. Table 2 . The effect of Gap on the resonance frequencies, TZ frequency, and insertion-loss. 
Experiment Results and Discussion
The proposed RSRRM-WPD was fabricated to determine the accuracy of the design and simulated results. The measured and simulated S-parameters of the proposed RSRRM-WPD are shown in Figure 9 . The discrepancy between the simulated and measured results of 1.3% is attributed to the manufacturing tolerance. The three passbands are centered at 2.4, 3.5, and 5.2 GHz, with the fractional bandwidths of 3.86%, 5.82%, and 3.89%, respectively. The measured return-loss (S11) at the center frequency of the three passbands is better than 40 dB, and the corresponding insertion-loss (S21) is better than 4 dB. The measured isolation between the output ports (S23) is 27 dB at 2.4 GHz, 39 dB at 3.5 GHz, and 28 dB at 5.2 GHz. Also, magnitude and phase difference is shown in Figure 10a and Figure 10b , respectively. The in-band amplitude imbalance is less than 0.15 dB. In addition, the measured phase difference is about ±1.5 º . It indicates a very good in-phase performance. A photograph of the fabricated structure is shown in Figure 11 . The dimensions of the power divider are 14×17.9 mm 2 or 0.15λg×0.19λg, where λg is the guided wavelength of at f1=2.4 GHz. The measurements on the device were conducted using Agilent network analyzer HP8722ES. Table 3 shows the proposed RSRRM-WPD in comparison with prior dividers.
The following is a report on comparing the proposed WPD with other previous designs. According to Table 3 , the overall dimensions of the structure introduced in reference [9] are 0.754 λg 2 . So, the dimensions of our design have decreased by more than 30%. On the other hand, on average The isolation of the proposed WPD with the PD presented in reference [9] , is at a level. The dimensions of our design have diminished by 10% compared to the WPD reported in [14] . But more importantly, the conditions for the isolation and return-loss of the proposed WPD are better than the PD in reference [14] . It can also be argued, for example, that the proposed WPD, compared to the structure introduced in reference [21] , is only slightly smaller in size, but the conditions for isolation and insertion-loss are more appropriate. Note that lumped-elements are used in the design of the structure which presented in [21] . This has reduced the size of the structure. At the end, it shows that the proposed WPD is one of the smallest structures presented to date which is 60% smaller than conventional design [5] . The characteristics of the WPD make the device suitable for use in Bluetooth, WLAN, and WiMAX systems. 
Conclusion
A highly compact and novel tri-band WPD structure has been presented, which was realized by substituting the quarter-wavelength TL in the WPD design with a П-shaped TL coupled to an RSRRM structure. Compared with the previous power dividers, the proposed design offers a miniature size. The simulation and measured results have confirmed the device exhibits excellent insertion-loss, return-loss, and isolation characteristics. The tri-band device covers frequency bands of Bluetooth (2.4 GHz), WiMAX (3.5 GHz), and WLAN (5.2 GHz).
